T herapeutic hypothermia has been used to improve neurologic outcomes and decrease injury in patients with various neurologic defects, including cardiac arrest, traumatic brain injury, and stroke (1-5). On the basis of data from two recent randomized clinical studies (2, 3), the most recent American Heart Association guidelines of cardiopulmonary resuscitation (CPR) now stipulate that unconscious, adult patients successfully resuscitated from an out-of-hospital ventricular fibrillation (VF) cardiac arrest should be cooled to 32°to 34°C for 12 to 24 hrs (6).
Hypothermia has also been documented to decrease ischemia/reperfusion injury of the heart and improve resuscitation outcome (7-11). In a murine cardiac arrest model, Abella et al. (8) previously showed that systemic cooling initiated during the arrest period had a beneficial impact on survival as compared with delayed cooling initiated only 15 mins after return of spontaneous circulation (ROSC). Early application of mild hypothermia with cold saline during prolonged CPR also enabled survival in dogs (11) . Systemic hypothermia established before cardiac arrest in a porcine cardiac arrest model actually improved the likelihood of successful defibrillation and meaningful survival suggesting hypothermia may be beneficial to the resuscitation efforts (10) .
Objectives: When systemic hypothermia was maintained before inducing cardiac arrest, the likelihood of successful defibrillation and meaningful survival was increased. When hypothermia is induced during cardiopulmonary resuscitation, mortality is also improved. With the introduction of the amplitude spectrum area as a predictor of the success of electrical defibrillation, we investigated the effect of preferential head cooling initiated coincident with cardiopulmonary resuscitation on amplitude spectrum area as a predictor. We hypothesized that rapid head cooling initiated coincident with cardiopulmonary resuscitation improves amplitude spectrum area, and therefore is predictive of successful defibrillation.
Design: Prospective randomized controlled study. Setting: University-affiliated research institute. Subjects: Domestic pigs. Interventions: Sixteen pigs, weighing 40.6 ؎ 1.4 kg, were randomized to the hypothermia (n ‫؍‬ 8), or control (n ‫؍‬ 8) group. Ventricular fibrillation was induced and untreated for 10 mins. Cardiopulmonary resuscitation was then initiated for 5 mins followed by attempted defibrillation with a biphasic 150-J electric shock. Coincident with starting cardiopulmonary resuscitation, hypothermia was induced with evaporative intranasal cooling using a perfluorochemical. If spontaneous circulation was not restored after defibrillation, cardiopulmonary resuscitation was resumed for 1 min before the next defibrillation attempt until the animal was either successfully resuscitated or for a total of 15 mins. The target core temperature was 34°C. Control animals were identically treated except for hypothermia.
Measurements and Main Results: Five seconds of ventricular fibrillation waveform were recorded immediately preceding delivery of a shock. The ventricular fibrillation waveforms were analyzed using the amplitude spectrum area algorithm. A smaller epinephrine dose (60 ؎ 32.1 vs. 30 Although the impact of systemic cooling on the myocardium is recognized in cardiac arrest and whether amplitude spectrum area (AMSA) serves as a useful predictor of successful defibrillation and improved resuscitation in the setting of hypothermia are still unknown. Our hypothesis was that rapid head cooling initiated coincident with CPR improves AMSA, and therefore is predictive of successful defibrillation. In the present study, we sought to investigate the effect of preferential head cooling initiated coincident with CPR on AMSA as a predictor. Animal Preparation. Sixteen male domestic pigs weighing between 42 Ϯ 3 kg were fasted overnight except for free access to water. Anesthesia was initiated by intramuscular injection of ketamine (20 mg/kg) and completed by auricular venous injection of sodium pentobarbital (30 mg/kg). Additional doses of sodium pentobarbital (8 mg/kg) were intravenously injected to maintain anesthesia at intervals of 1 hr. Animals were mechanically ventilated with a volume-controlled ventilator (Model MA-1, Puritan-Bennett, Carlsbad, CA). End-tidal PCO 2 was monitored with an infrared analyzer (Model 01R-7101A, Nihon Kohden Corp., Tokyo, Japan). Respiratory frequency was adjusted to maintain end-tidal PCO 2 between 35 and 40 mm Hg. For the measurement of aortic pressure, a fluid-filled catheter was advanced from the right femoral artery into the thoracic aorta. A 7F thermodilutiontipped catheter was advanced from the right femoral vein and flow directed into the pulmonary artery for the measurements of right atrial and pulmonary arterial pressures, and blood temperature. Coronary perfusion pressure (CPP), the difference between diastolic pressure in the aorta and the diastolic pressure in the right atrium, was used as a surrogate for coronary blood flow, and thus an indirect indicator of myocardial perfusion during CPR (12, 13) . Threshold levels of CPP are identified as major determinants of successful cardiac resuscitation (14 -17) . Our previous study showed CPP threshold of 15 mm Hg in our porcine model of cardiac arrest (18) . Another 5F thermodilution-tipped catheter was placed in the internal jugular vein (5 cm from the insertion point) to measure the head temperature. Three adhesive electrodes were applied to the shaved skin of the limbs for measurements of the electrocardiogram signal. A 5F pacing catheter (EP Technologies Inc., Mountain View, CA) was advanced from the right cephalic vein into the right ventricle for inducing VF. The position of catheters was confirmed by characteristic pressure morphology and/or fluoroscopy. Echocardiographic measurements were obtained with the aid of a S7-2omni, 3.5 MHz transthoracic echocardiographic transducer (HD11XE, Ultrasound System Specification, Philips Medical Systems, Eindhowen, The Netherlands). At the view of the short axis, the left ventricular (LV) endsystolic and end-diastolic volumes were obtained by the method of discs. Left ventricular ejection fractions were then calculated.
METHODS
Experimental Protocol. Fifteen minutes before inducing cardiac arrest, baseline measurements were obtained and animals were then randomized. VF was induced by 1 mA alternating current delivered to right ventricular endocardium through the pacing catheter. Mechanical ventilation was discontinued after onset of VF. Before starting resuscitation procedure, the pacing catheter was withdrawn to avoid injury during chest compression. After 10 mins of untreated VF, CPR was started with a pneumatic piston-driven chest compressor (Thumper 1000, Michigan Instruments, Grand Rapids, MI). Chest compression was programmed to provide 100 compressions per minute and synchronized to provide a compression/ventilation ratio of 30:2 with equal compression-relaxation intervals, i.e., a 50% duty cycle. The compression depth was adjusted to decrease the anteroposterior diameter by 25%. Coincident with starting precordial compression, the animal was mechanically ventilated with tidal volume of 15 mL/kg and FIO 2 of 1.0. After 2 mins of chest compression, one dose of epinephrine (30 g/kg) was injected into the right atrium. Repeat doses of epinephrine were given at the 7th, 10th, and 12th min after the start of CPR. After a total 5 mins of chest compression, one 150-J biphasic electrical shock was delivered between the right infraclavicular electrode and the apical electrode with a Heartstart XL defibrillator (Philips Medical Systems, Andover, MA). If an organized cardiac rhythm with mean aortic pressure of more than 60 mm Hg persisted for an interval of 5 mins or more, the animal was regarded as successfully resuscitated. If ROSC was not achieved, CPR was resumed for 1 min before the next defibrillation attempts. This sequence was repeated until the animal was either successfully resuscitated or pronounced dead after a total of 15 mins of CPR. The total number of electrical shocks was defined as that required to attain ROSC. A successful electrical shock was defined as return of organized cardiac rhythm with minimal mean aortic pressure Ͼ60 mm Hg.
Induction of Hypothermia. Before the onset of cardiac arrest, the core temperature of all the animals was kept at 38°C by using warm or cold water bags. Head cooling was induced by using the Rhinochill (Benechill Inc, San Diego, CA) nasal catheter system. The Rhinochill device sprays a liquid six-chain perfluorocarbon (PFC) into the nasal cavity. The liquid is volatile and evaporates instantaneously, thereby removing heat from the nasal cavity. The cold is transmitted to the brain predominantly hematogenously, through the submucosal nasal venous plexuses and also by direct convection. Body cooling occurs later. The intranasal catheters were positioned in the animal's nostrils, and PFC was delivered in an amount of 1 mL/kg/min with oxygen flow of 1 L/kg/min. The cooling was initiated at the same time as precordial compression and stopped once core temperature reached 34°C. The temperature of the control group was not altered after induction of VF.
AMSA and Median Frequency Measurements. The electrocardiographic signal was continuously recorded at a frequency of 300 Hz and digitized with the aid of a data acquisition system (Model Windaq 200, Dataq, Akron, OH). AMSA was calculated in real-time using a USB-1208FS data acquisition system (Measurement Computing, Middleboro, MA) and the Matlab software (MathWorks, Natick, MA) (19 -21) . A 5-sec window of electrocardiogram recording was captured and the signal was filtered between 5 Hz and 48 Hz to minimize low-frequency artifacts produced by precordial compression and to exclude the electrical interference of ambient noise at frequencies greater than 48 Hz. Analog electrocardiogram signals were digitalized and converted from a time to a frequency domain by fast Fourier transform. The resulting AMSA representing the area under the curve relating amplitude to frequency was then computed, i.e., AMSA ϭ ΑAi⅐Fi, where Ai represents the amplitude at ith frequency Fi. The median frequency was determined from the power spectrum using the method of Brown et al. (22) . The power spectrum was obtained by squaring the amplitude of each sinusoidal component from the amplitude frequency spectrum. The median frequency is represented by MF ϭ ΑFi⅐Pi/ΑPi, where Fi is the ith frequency component and Pi the relative power at Fi.
Statistical Analyses. The chi-square test and Fisher's exact test were used for the comparison of the binomial variables. Continuous variables were presented as mean Ϯ SD, and analysis of variance was used to check the difference between groups. A value of p Ͻ .05 was considered significant. Analyses were carried out using SPSS V.11.0 software (Chicago, IL).
RESULTS
Baseline characteristics, including animal weight, heart rate, mean arterial pressure, arterial blood gas analyses, cardiac output, and left ventricular ejection fractions before inducing cardiac arrest were indistinguishable between the two groups (Table 1) . At baseline, head and core temperatures were the same in both groups (head: 38.1 Ϯ 0.3°C in hypothermia group and 38.0 Ϯ 0.3°C in the control group, p ϭ NS; core: 38.0 Ϯ 0.2°C in hypothermia group and 38.0 Ϯ 0.1°C in the control group, p ϭ NS). Head temperature started falling within 1 min of initiation of cooling and CPR. At 5 mins, head temperature was 34.2 Ϯ 4.5°C in the hypothermia group and 38.1 Ϯ 0.3°C in the control group (p ϭ .028). The core temperature, however, was at baseline value (38.3 Ϯ 0.1°C) in the hypothermia group and in the control group (38.3 Ϯ 0.2°C; p ϭ NS) (Fig. 1) .
The hypothermia group had a smaller dose of epinephrine (30 Ϯ 0 g/kg vs. 60 Ϯ 32.1 g/kg, p ϭ 0.009) and shorter duration of CPR (364.6 Ϯ 42.4 sec vs. 600.4 Ϯ 243.2 sec, p ϭ .01) required for resuscitation than control. There was also a trend of fewer numbers of defibrillation shocks required to achieve ROSC in the hypothermia group (8.1 Ϯ 4.6 vs. 14.8 Ϯ 8.8, p ϭ .073). CPP, before initial defibrillation, was 21.3 Ϯ 9.6 mm Hg in the hypothermia group and 17.7 Ϯ 5.6 mm Hg in the control group (p ϭ NS). Throughout the CPR process, CPP was not significantly different between these two groups and was above the threshold of 15 mm Hg. The hypothermia group had a higher success rate for the total number of shocks in each experimental animal than the control group (88 Ϯ 18% vs. 66 Ϯ 19%, p ϭ .034), whereas the success rate of initial shock did not achieve statistical significance between these two groups due to the limitation of the number of animals (75% vs.38%, p ϭ .315) ( Table 2) .
Before the initial shock, the hypothermia group had a higher AMSA value than controls (26.1 Ϯ 5.3 mV-Hz vs. 21.4 Ϯ 2.16 mV-Hz, p ϭ .049). A higher AMSA value before overall electrical shocks was also noted in the cooled animals (25.3 Ϯ 5.2 mV-Hz vs. 21.3 Ϯ 2.9 mV-Hz, p ϭ .006) (Fig. 2) . The median frequency before the initial shock did not differ in these two groups (9.2 Ϯ 2.9 Hz vs. 9.8 Ϯ 2.2 Hz, p ϭ .692), nor before total shocks (8.4 Ϯ 3.2 Hz vs. 7.8 Ϯ 2.5 Hz, p ϭ .529) (Fig. 3) .
ROSC was achieved in eight of eight (100%) of the hypothermic animals and in seven of eight of the controls (88%) (p ϭ NS).
DISCUSSION
In the present study, we demonstrated that rapid head cooling during CPR improves the success of defibrillation and reduces the chances of refibrillation in a porcine model of prolonged cardiac arrest. AMSA served as a useful predictor for improved resuscitation and successful defibrillation in the setting of rapid head cooling initiated coincident with CPR in which a higher AMSA value was associated with greater success in restoring a viable rhythm.
Systemic hypothermia has been documented to reduce the transventricular defibrillation threshold in experimental settings (23, 24) . fibrillation and ROSC in a porcine model of cardiac arrest after 8 mins of untreated VF. In the current study, head cooling initiated coincident with the starting of CPR facilitated defibrillation and reduced the occurrence of refibrillation. The beneficial effect of hypothermia on successful defibrillation could not be attributed to a direct effect of cooling on the myocardium. The initial defibrillation occurred 15 mins after arrest and 5 mins into CPR, at which point the head temperature in the hypothermic animals was 4°C below baseline value, whereas core temperature was not different from baseline. The mechanism by which selective head cooling improves resuscitation and facilitates defibrillation may involve modulation of sympathetic efferent activity and neurohumoral changes. Reduction of splenic, renal, and adrenal sympathetic activity during systemic cooling has been previously demonstrated in rats (25) . Systemic hypothermia has also been shown to reduce myocardial interstitial norepinephrine and acetylcholine release induced by ischemia or nerve stimulation (24) . Increased cardiac sympathetic activity is thought to be important in generating ventricular tachyarrhythmias (26, 27) , and isolated cerebral cooling may facilitate resuscitation by reducing recurrent VF by inhibiting cervical sympathetic firing. Neurohumoral factors may also ease resuscitation during cooling. Horiguchi et al. showed increased extracellular adenosine concentration during forebrain ischemia/reperfusion in the animals that were cooled to 32°C compared with animals maintained at 37°C (28) , and adenosine was also documented to attenuate the time-dependent deterioration of VF (29) .
Our group has previously documented that the AMSA value of VF waveform can predict the probability of successful defibrillation and thus optimize timing of electrical defibrillation in animal and human experiments (19, 20) . In the current study, higher AMSA values before initial shocks and total shocks in the hypothermia group were compatible to the higher success rate of electrical defibrillation. However, the median frequency failed to show correlation with improved defibrillation success and mitigated resuscitation effort. Marn-Pernat et al. (21) demonstrated that an AMSA value of Ͼ21 mV-Hz predicted restoration of perfusing rhythm with satisfactory sensitivity and specificity of about 90% in an animal experiment. Human data revealed that successful defibrillation at an AMSA value of Ͼ13 mV-Hz yielded a sensitivity of 91% and a specificity of 94% (20) . The negative predictive value of AMSA was comparable with median frequency. However, the positive predictive values of AMSA (78%) were greatly improved compared with median frequency (29%) (19) .
There are several limitations to our study. First and foremost, we used high jugular venous temperature as a surrogate for head temperature and pulmonary artery temperature for myocardial temperature. We cannot rule out the possibility that at least some of the cooling occurred in the neck rather than the head and that any alteration in sympathetic input to the heart may have resulted from local cooling of the neck. Second, this particular method of cooling involves PFCs and high volumes of oxygen to enhance evaporation in the nasal cavity. PFCs are known to enhance oxygenation. The relative contribution of the three components-the cold, the PFC, and the oxygen-need to be explored. Third, the study was not blinded. It is difficult to blind the investigators in the study since touching the animals during the experiments allowed the investigators to differentiate between the hypothermic and the control groups. We attempted to account for this by fixing chest compression and ventilation rates. Chest compression was performed by the Thumper device, and the CPP was not different during resuscitation between the two groups. Finally, the potential vectoral changes of electrocardiogram, variable skin contact and conduction with electrodes, and different chest configurations in each animal were not evaluated. However, earlier study showed that the power spectrum of the time-domain waveform from which frequency parameters were extracted was not significantly affected by differences in electrode position or chest configurations (30) .
In conclusion, we have shown that the AMSA correctly predicts the improved success rate of electrical defibrillation and mitigates resuscitation efforts in animals receiving head cooling through the nasal cavity during cardiac arrest in which a higher AMSA value was associated with greater success of defibrillation. Figure 3 . The median frequency of ventricular fibrillation before initial shock and total shocks in the experimental groups. The median frequency did not differ between these two groups either before initial shock or total shocks. NS, not significant.
